Abstract-Neovascularization is an understudied aspect of calcific aortic valve disease (CAVD). Within diseased valves, cells along the neovessels' periphery stain for pericyte markers, but it is unclear whether valvular interstitial cells (VICs) can demonstrate a pericyte-like phenotype. This investigation examined the perivascular potential of VICs to regulate valve endothelial cell (VEC) organization and explored the role of Angiopoeitin1-Tie2 signaling in this process. Porcine VECs and VICs were fluorescently tracked and co-cultured in Matrigel over 7 days. VICs regulated early VEC network organization in a ROCK-dependent manner, then guided later VEC network contraction through chemoattraction. Unlike vascular control cells, the valve cell cultures ultimately formed invasive spheroids with 3D angiogenic-like sprouts. VECs co-cultured with VICs displayed significantly more invasion than VECs alone; with VICs generally leading and wrapping around VEC invasive sprouts. Lastly, Angiopoietin1-Tie2 signaling was found to regulate valve cell organization during VEC/VIC spheroid formation and invasion. VICs demonstrated pericyte-like behaviors toward VECs throughout sustained co-culture. The change from a vasculogenic network to an invasive sprouting spheroid suggests that both cell types undergo phenotypic changes during long-term culture in the model angiogenic environment. Valve cells organizing into spheroids and undergoing 3D invasion of Matrigel demonstrated several typical angiogenic-like phenotypes dependent on basal levels of Angiopoeitin1-Tie2 signaling and ROCK activation. These results suggest that the ectopic sustained angiogenic environment during the early stages of valve disease promotes organized activity by both VECs and VICs, contributing to neovessel formation and the progression of CAVD.
INTRODUCTION
Angiogenetic signaling plays an important role not only in valve formation and normal valve function, but also in the pathophysiology of calcific aortic valve disease (CAVD). 12, 28 Several studies have established the occurrence of neovascularization during CAVD. 11, 18, 30 There has been little investigation, however, into how the cell-mediated mechanisms that underlie vascular angiogenesis play a role in the pathology of CAVD. During valve development and normal endothelial-to-mesenchymal transformation (EndMT), valve endothelial cells (VECs) undergo a physiological transdifferentiation that shares several characteristics with the process of vascular angiogenic root formation. 36 Due to the increased abundance of factors important for angiogenic signaling within calcified valves, and the predisposition of VECs to undergo EndMT, we hypothesized that VECs cultured long-term in a model environment rich in proangiogenic signaling factors would maintain their endothelial phenotype while also gaining invasive mesenchymal characteristics, ultimately leading to an intermediate phenotype. The presence of alpha smooth muscle actin (aSMA)-the marker for activated valve interstitial cells (VICs)-was demonstrated surrounding neovessels in CAVD, 20 and it is also reported that a subpopulation of VICs demonstrate the perictye marker NG2 35 and respond to pericyte-related signaling molecules. 34 However, it has also been shown that VICs can be anti-angiogenic in basal conditions. 38 Therefore, it is unclear whether myofibroblast-like VICs can serve as pericytes during neoangiogenesis.
Studying how VEC and VIC signaling guides their phenotypes is an important step toward understanding the cell-mediated pathobiology of CAVD. The Angiopoietin1 (Ang1)-Tie2 pathway is an important pathway in vascular angiogenesis influencing endothelial cell growth, migration, vessel maintenance and destabilization, and maturation, 22 but the role of this pathway is understudied in the context of valve cell biology. There is some evidence for activation of this pathway during CAVD, 7 but its significance in VEC/ VIC interactions or CAVD histopathology has not been established. Prior studies of VECs and VICs have investigated the importance of endothelial nitric oxide synthase (eNOS) and Rho-associated protein kinase (ROCK) in VEC/VIC signaling behavior 9 ; the Ang1-Tie2 pathway is upstream of both of these mechanisms. Ang1-Tie2 is also important in NF-jB activation and leukocyte recruitment, which are speculated to have significant roles in CAVD. 33 Moreover, previous coculture investigations of VICs and VECs have demonstrated communication between these two cell types, 4, 9, 31 but have not examined the pericyte-like potential of VICs to influence VEC angiogenic behavior.
The purpose of this study was to investigate how direct contact co-culture with VICs affected short-term and long-term (7 days) VEC network formation in a Matrigel model in comparison to a co-culture of vascular-mimetic cells, to quantify their spatial-temporal relationships, and to identify the role of Ang1-Tie2 and its downstream signaling pathways in VEC/VIC dynamics. Clarification of these valve cell relationships would provide fundamental insights into this transformative stage of CAVD pathology.
METHODS AND MATERIALS

Isolation, Purification, and Culture of Valve Cells and Vascular Cells
Valve cells were harvested from healthy 6-monthold adult porcine hearts from a local commercial abattoir (Fisher Ham and Meats, Spring, TX) or Animal Technologies (Tyler, TX). VECs and VICs were harvested and cultured from the aortic valves as previously described, 1, 31 and used between passages 2-4.
Immortalized mouse cardiac endothelial cells (MCECs) (CELLutions Biosystems Inc, Toronto, Canada) were cultured in the same manner as VECs.
10T1/2 fibroblast cells (American Type Culture Collection, Manassas, VA) were cultured in DMEM supplemented with 10% fetal bovine serum (Lonza) and 2 mM L-glutamine, 1000 U/mL penicillin, and 100 mg/L streptomycin (Sigma, St. Louis, MO).
PKH Co-culture Tubule-Like Structure Matrigel Assay
The Tubule-Like Structure (TLS) Matrigel Assay was used to investigate valve and vascular endothelial cell (EC)-pericyte (PC) dynamics in a model pro-angiogenic environment as previously described. 3 In order to track relative EC-PC dynamics, cells were differentially stained with PKH26 (red) or PKH67 (green) fluorescent dyes (10 lM, Invitrogen) following the manufacturer's guidelines. The EC and PC cells were then seeded on phenol red-free Matrigel (BD Biosciences, San Jose, CA) in a 3 EC:1 PC ratio at 240,000 cells/mL in order to recreate culture conditions from previous vascular EC/PC Matrigel studies. 6 Intermittently throughout the culture period, live cell movement was tracked for 4-6 h using a Nikon A1-Rsi confocal fluorescence microscope (Tokyo, Japan).
To investigate the role of ROCK signaling on VEC/ VIC network organization, once seeded the co-cultures were treated with the small molecule ROCK inhibitor Y-27632 (Calbiochem, San Diego, CA). 1 
Immunocytochemistry
Immunocytochemistry was performed as described previously 1 to demonstrate the cells' phenotypic characteristics (Table 1) . In order to confirm that VECs retained their endothelial cell phenotype, co-cultures were stained with Dil-Ac-LDL (Invitrogen) at 10 lg/ mL for 4 h before washing with PBS.
Automated Network Analysis
Networks were analyzed using the automated image analysis toolset Angiogenesis Analyzer in ImageJ (Bethesda, MA) on 109 phase contrast microscopy images from the middle of each well as used previously. 1 The total network length and number of tubule-like structures were analyzed, and the resultant average tubule length was calculated using Eq. Groups were statistically compared using one-way ANOVA with post hoc Tukey tests.
Quantification of Post-Network VIC Chemoattractant Behavior
In the Nikon AR automated tracking module, each cell could be identified uniquely due to the PKH fluorescent staining, cell size, and cell morphology. VECs and VICs could be distinguished by the different color PKH dyes.
VIC chemoattractant towards VECs was quantified during the period of network regression and spheroid formation. The null hypothesis was that the motion of each VEC was independent of the influence of nearby VICs, so that no net chemoattraction existed between the two cell types. For each VIC, a subset of VECs (VEC sub ) was identified as cells whose average Euclidian distance was less than 50 lm from the current VIC of interest (VIC i ). In order to quantify the movement of each VEC in the VEC sub in relation to the VIC i , their X/Y/time positions underwent a Lagrangian transformation in relation to the X/Y/time movements of the VIC i . At each time point, for each set pairing of VIC i and VEC sub cells, the cosine similarity was calculated using Eq. (2):
where u represents the Lagrangian-corrected vector of the displacement that the currently paired VEC in the VEC sub underwent during the current time step, v represents the vector if it was perfectly directed at the VIC i which is by definition set to the new origin, and det(u,v) represented the determinant of (u,v) . In this definition, an angle of 0°represented a VEC that is perfectly converging towards the VIC i at that time, and an angle of 180 degrees represented a cell moving perfectly away from the VIC i . The cosine similarity of each pairing over time was averaged, and the average VEC sub time-averaged cosine similarity was then calculated for each VIC i . This metric quantified the directional tendency of the VEC sub in relation to the VIC i . The radial distribution of these angles was compared with an even radial distribution using a Rayleigh's test for nonuniformity, with p < 0.05 indicating a statistically different radial directionality. The average directionality of this migration of VECs toward VICs was calculated using Eq. (3):
Average Lagrangian Directionality
where k represents the current VEC out of VEC sub , n represents the number of cells in VEC sub , t represents the current time step, and tf represents the final time step of the VEC sub track. This metric represents the directional persistence of migration of VEC sub in relation to the motion of the VIC i with the maximal amount 1 representing a perfectly straight line of movement. 25 Finally, the Lagrangian-transformed Forward Migration Index (LaFMI) was calculated using Eq. (4) adapted from Martins et al. 17 :
In this context, the LaFMI quantifies the percent of the total distance that the movement of a VEC sub was directed towards the VIC i , with the maximum value of 1 representing a VEC sub moving perfectly towards the VIC i at each step as the VIC i moved. In this equation, k, t, u, t, tf, and n were defined as in Eqs. (2) and (3), and h was defined as the cosine similarity between the u and v vectors as defined above at time t for VEC k .
In order to benchmark the measured metrics to random independent motion, a Gaussian-based Brownian motion simulator was implemented to simulate the random movements of both the VECs and VICs from their starting positions, and each chemoattractant metric was calculated in parallel. A total of 732 cells from three independent cultures were tracked and used in the analysis. A t test assuming unequal variances was used to compare the directionality and LaFMI distributions between the measured and random motions, with p < 0.05 indicating a significant difference. 
VEC/VIC Invasive Spheroid (VEVIS) Sprouting and Distribution Analysis
As the VECs and VICs co-cultured for 7 days on Matrigel formed spheroids and then formed angiogenetic sprouts into the Matrigel, additional methods were developed to quantify this behavior. To quantify the amount of Matrigel penetration by the VEVIS angiogenic sprouts, the spheroid core and outer perimeter of penetration were manually traced using Nikon AR software, and then the invasion ratio was calculated as the penetration perimeter divided by the core perimeter. Randomly chosen spheroids were selected in each of 9 independently seeded VEC-only and VEC/VIC cultures after 7 days. Differences between VEC-only and VEC/VIC co-cultures were analyzed using a t test assuming equal variance.
In order to quantify the distribution of VECs and VICs within the VEVISs, VEVISs with differentially PKH-tracked cells were imaged after 7 days of culture using confocal fluorescence microscopy (n = 17 different VEVIS samples). Images were analyzed using a binary filter that assigned an X-Y position to each cell, and determined the area of that cell. Each VEVIS image was then divided into 4 concentric quartile rings with equal surface area, and each cell was allocated into one of the quartile rings based upon its Euclidean distance from the middle of each VEVIS. For each cell type (VIC or VEC), the total cell area per quartile ring was calculated and then normalized to the total cell area overall. The proportions of VICs and VECs in the quartile rings were compared using a two-way ANO-VA with a Tukey's post hoc analysis comparing across cell type and quartile.
Investigating the Role of Angiopoietin1-Tie2 signaling on VEVIS Formation
To quantify the effect of Angiopoietin1 and its downstream effectors on VEC network formation, VECs were cultured alone in the TLS assay. Upon seeding, VECs were treated with Angiopoetin1 (Ang1) (R&D Systems, Minneapolis) at a final concentration of 14 lM, with Ang1 and the Tie2 Kinase Inhibitor (Calbiochem) at a final concentration of 3.5 lM, or with the Ang1 and the pAKT inhibitor LY 294002 (Cell Signaling Technology) at a final concentration of 14 lM. Treatment reagents were delivered in 2 lL of PBS or DMSO.
Since Angiopoetin1-Tie2 signaling is an important pathway in endothelial cell-pericyte communication, the effect of Angiopoietin1 and its downstream effectors were also quantified during VEVIS formation. VECs and VICs were co-cultured as described above for 7 days and treated with Angiopoetin1, the Tie2
Kinase Inhibitor, and the p-Akt inhibitor. Co-cultures were additionally treated with the Tie2 Kinase Inhibitor alone to investigate the role of basal Angiopoietin signaling. After 7 days, the sizes of at least 6 randomly selected spheroids from 6 independent wells from 2 independent experiments were quantified using ImageJ.
Quantification of Changes in Angiogenesis and Pericyte Related Markers with qRT-PCR
In order to investigate expression changes in angiogenesis and pericyte markers after 7 days in culture on Matrigel, qRT-PCR was performed on valve cell mRNA before and after culture. mRNA was harvested using a Quick-RNA Micro Prep (Zymo Research). A PrimeScript TM 1st strand cDNA Synthesis Kit (Clontech) was then used to convert 100 ng of RNA to cDNA. qRT-PCR was then run at a 1:100 dilution of cDNA using the SYBR Ò Advantage Ò qPCR Premix for the targets in Table 2 . Ubiquitin was used as the housekeeping gene in each run. Fold change was then calculated between cultures before and after 7 days in culture on the Matrigel. For VEC only cultures on Matrigel, mRNA harvested from the same sample of cells before seeding was used as their control. mRNA from a 3 to 1 mixture of VECs and VICs was used as the control for VEC and VIC cocultures. DC t was averaged between runs of the same condition. This averaged DC t was then used to calculate the fold increase between the reference condition and the target by taking the ratio of (Efficiency of amplification)^avgDC t for the target and the Ubiquitin reference. The error is represented by the square root of the average of the variances of the reference condition and the target. 
VIC-Driven Reorganization of VEC Vasculogenic Networks is ROCK-Dependent
To test the role of VICs in VEC vascular networks, we grew VECs and VICs in direct co-culture in a 3:1 (VEC:VIC) ratio in the model pro-angiogenic environment of Matrigel. After 7 h of co-culture, VECs cultured alone were organized (Fig. 1a) as previously reported.
1 PKH labeling of VECs (green) and VICs (red) in co-culture demonstrated that they organized together in well-defined networks with VICs scattered among the nodes and along the length of the tubulelike structures (Fig. 1b) . This arrangement was similar to previous reports of PKH-tracked vascular ECs and pericytes (PCs). 6 Automated network analysis showed that co-culturing with VICs reduced total network length while increasing average tubule length between nodes compared to VECs cultured alone (Fig. 1d) .
ROCK inhibition (3.5 lM Y-27632) largely prevented the VIC-mediated network formation, while maintaining multicellular clusters of VECs and VICs in direct contact (Fig. 1c) , and brought the total network length and average tubule length metrics closer to the scale of the VEC-only cultures (Fig. 1d) . Immunocytochemistry of the co-cultures demonstrated networks consisting of CD31+ (green) and aSMA2 VECs with polymerized aSMA+ (yellow) VICs covering VEC tubules (Fig. 1e, yellow arrow) . Treatment with the ROCK inhibitor did not affect VIC expression of aSMA, but it was present more diffusely within VICs (green arrow) as opposed to presenting as stress fibers. ROCK inhibition did not ablate VIC-VEC connections, given the multiple VIC-to-VEC connections observed (Fig. 1f) . Co-cultures treated with the ROCK inhibitor displayed notably fewer VICs covering around VEC tubules.
VEC/VIC Long Term Co-cultures Form 3D Invasive Spheroids
As demonstrated by the MCEC/10T1/2 co-culture in Fig. 2a and quantified in Supplemental Fig. 1 , network organization and stabilization is a major characteristic of EC/PC interactions in vitro. These results, in which the 10T1/2 cells stabilized the MCEC networks long-term, provided a benchmark of vascular EC/PC behavior for direct comparison with the effects of VIC co-culture on VECs in the same angiogenic assay. In contrast to the vascular controls, VEC/VIC co-cultures collapsed into spheroids at the network nodes by 24 h in culture (Fig. 2b) . After 48 h in culture, the VECs and VICs began to invade into the Matrigel. VICs were generally, though not exclusively, the first cells to migrate into the Matrigel in an angiogenic-like sprout. In these sprouts, the VIC would lead the way in a manner consistent with a tip cell, whereas the VECs acted more like the stalk cells of the new sprouts. The VEC/VIC spheroids continued to sprout into the gels, reaching a maximum invasion depth 5-7 days post-seeding. To demonstrate the dynamic VEC/VIC invasive spheroid (VEVIS) relationships, live cell imaging was performed using confocal fluorescence microscopy with an environmental chamber for periods of 4-6 h; Supplemental Figs. 2-8 show representative movies of significant time periods in the transition. After initial sprouting, VECs and VICs displayed a dynamic plasticity of roles in competing for the tip cell position, similar to how vascular ECs compete during angiogenic root formation. 15 Similar to the MCEC-only cultures, the networks of VECs cultured alone slowly regressed over the first 72 h of culture. By 7 days in culture, the VECs coalesced into spheroids and exhibited sprouts similar to VEVIS sprouts, but these sprouts tended to be fewer in number and smaller in size compared to the co-cultures (Supplemental Fig. 13 ).
VICs Guide VECs During Network Reorganization
Upon further investigation of these co-cultures, it became evident that a substantial number of the VICs was attracting and guiding the organization of VECs during the time period before spheroid formation (7-24 h). Therefore, a dual color PKH fluorescent speckle tracking method was implemented to track movement of VECs in relation to nearby VICs (Fig. 3a) to quantify three relative chemotaxis metrics. The average cosine similarity measurements of VEC movements showed a narrow radial normal distribution around 0°(±30°), indicating movement in the direction of VICs, unlike the simulated Brownian motion control, which had an even radial distribution (Fig. 3b) . The measured average directionality of VECs and their average Lagrangian Forward Migration Index (LaFMI) were significantly larger than in the simulated Brownian motion data sets, again indicating the movement of VECs in the direction of nearby VICs. Assuming that a LaFMI >0.17 represents a lower threshold for a chemoattractant effect (as demonstrated in prior chemotaxis studies 17 ), 46% of VICs demonstrated this central tendency, i.e., this effect on nearby VECs, whereas this chemoattractant proportion was only 0.14% in the simulated Brownian motion data set. An example of a VIC demonstrating a LaFMI >0.17 (a chemoattractive effect on local VECs) is shown in Fig. 3c and in Supplemental Fig. 9 .
VICs Promote VEC Invasion and Are Found
Throughout VEVIS Sprouts
VECs cultured alone formed spheroids that displayed a limited amount of invasive sprouts after 7 days in culture. In contrast, VEVIS spheroids displayed a significantly larger invasion ratio (area of invasion/area of core) by spreading more from the core spheroid into the Matrigel (Fig. 4a) . Quantification of the radial position of VECs and VICS revealed that a higher percentage of VICs were localized on the exterior of the spheroids (75% and 100% quartile rings) compared to VECs, whereas a higher percentage of VECs were found in the inner 25% quartile ring of the spheroid compared to VICs (Fig. 4c) . The PKH-labeled VICs were observed throughout the VEVIS. As demonstrated by the red arrows in Fig. 4 , VICs were frequently found wrapped around early 2D networks (Fig. 4e) , on the leading edge of invading sprouts ( Fig. 4f, yellow arrow) , and wrapped around 3D invasive sprouts (Fig. 4g, red arrow) . Interestingly, VICs often displayed direct cell-to-cell contact to the leading edge of 3D invading VECs, as shown by Fig. 4h . As shown by the Z-stack reconstructed confocal microscopy images (Fig. 4h, i) , VEVIS sprouts formed complex geometries spreading in 3D. The continued dynamic plasticity of the sprout edge after 7 days of co-culture is shown in Supplemental  Fig. 10 . In the 120 h panel, only the VECs (green) are highlighted to demonstrate their distribution throughout the VEVIS. Scale bars: 100 lm. Images were taken from 4 independent experiments. 0 and 7 h panels were taken from the same position in the same well, as were the 24 and 48 h panels. 
VEVIS Sprouts Display Characteristics of Vascular Angiogenesis Sprouts
The VEVIS sprouts demonstrated several of the characteristics found in vascular sprouts, including DLL4 polarization, activated AKT, organized actin, 3D invasion, branching, lamellipodia at the tips, and multicellular tube formation (Fig. 5) . VECs maintained the ability to uptake acetylated LDL (Fig. 5a ). Most cells in VEVISs displayed low levels of unpolarized aSMA (blue arrows, Fig. 5b and Supplemental Fig. 11 ) as opposed to the polarized aSMA found in VICs but not in CD31+ VECs during the network formation at earlier time points (Fig. 1c) . VECs demonstrated continued expression of CD31 after 7 days of co-culture (magenta arrows in Fig. 5c and in Supplemental Fig. 12 ). Interestingly, both CD312 (green arrows) and CD31+ cells could be found on the tips of VEVIS sprouts (Fig. 5d) . These tip cells displayed direct cell-cell contact with CD31+ stalk cells emerging from the core VEVIS (magenta arrows in Fig. 5d ). VEVIS sprouts displayed DLL4+ polarization from tip to stalk, i.e., the expression of DLL4 was strongest at the leading cell and decreased toward the origin of the sprout (red arrows for tip and white arrows for origin in Fig. 5e and Supplemental Fig. 13) . Interestingly, phosphorylated AKT+ cells were found prevalently on the tips of sprouts (yellow arrows in Fig. 5f ). The linear and tube-like organization of actin structures along VEVIS sprouts is recognizable in the higher magnification images (white arrows in Fig. 5e,  f) . Similar to DLL4, VEVIS displayed b-Catenin polarity down the angiogenic like-sprouts (Fig. 5g) . In addition, all cells in the VEVIS were pMLC + (Fig. 5h) .
Tie2-Angiopoietin Signaling Is Important in Valve Cell
Organization VEC-only cultures treated with Ang1 displayed no significant change in total network size after 7 h (93 ± 11% of untreated control, Figs. 6a, 6b) . In contrast, treatment with Tie2 Inhibitor or pAKT inhibitor in addition to Ang1 resulted in significantly smaller networks relative to untreated controls at 7 h (12 ± 7 and 50 ± 9% respectively). After 3 days of culture, VECs treated with Ang1 demonstrated significantly larger total network size compared to controls (218 ± 3%), indicating the networks of Ang1-treated VECs were more stable than those of untreated VECs. This network size effect was significantly abated with the addition of the Tie2 kinase inhibitor (62 ± 4%) and the pAKT inhibitor (86 ± 3%).
Treatment with Ang1 was insufficient to prevent VIC-mediated contraction into the VEVIS structures during 7 day cultures, as there was no significant difference in size between the VEVIS formed from untreated VEC/VIC co-cultures and the Ang1-treated group (91 ± 7% of control). Treatment with the Tie2 inhibitor, either alone or in addition to Ang1, significantly reduced VEVIS size (4 ± 1 and 11 ± 1.9%, respectively) compared to control VEVIS. Treatment with the pAKT inhibitor in combination with Ang1 significantly reduced VEVIS formation (20 ± 7%) compared to the control.
Long Term Co-Culture in the TLS Assay ± VICs Significantly Increases the Expression of Angiogenesis and Pericyte-Related Genes
As shown by Fig. 7 , VECs and VICs demonstrated elevated levels of several angiogenesis-and pericyterelated markers after long term culture in the Matrigel model. After VECs were cultured alone in the Matrigel model, they showed significantly greater expression of FGFR2 and Tie2 compared to VECs cultured on the control condition of tissue culture plastic. Angiopoetin1 expression was undetectable in control or Matrigelcultured VECs. No change in Periostin expression was detected between control and Matrigel-cultured VECs. When VECs and VICs were co-cultured for 7 days in the Matrigel model, there was significantly greater expression of the angiogenesis-and pericyte-related markers FGFR2, Angiopoetin1, Tie2, NG2, and Periostin compared to a control 3:1 mixture of VECs and VICs mixed together prior to co-culture. 
DISCUSSION
During CAVD, the valve tissue undergoes an important change from an anti-angiogenic environment to a pro-angiogenic environment. 2, 12, 28 This change is demonstrated by the presence of neovasculature in the normally avascular adult aortic valve. 30 These neovessels show characteristics of vascular microvessels, such as a CD31+ endothelial cell lining with aSMA+ pericytes wrapped circumferentially. 30 Although it would be ideal to confirm the valvular origin of these cells in vivo, it is compelling to investigate whether VECs and VICs have the potential to be the source of the endothelial cells and pericytes in these microvessels in vitro first, but there has been no previous study on whether VEC/VIC co-cultures could form 3D angiogenetic structures.
This study was designed to quantify the extent to which VECs and VICs demonstrate characteristics representative of dynamic endothelial-pericyte interactions within a long-term Matrigel co-culture model that introduces the cells to a pro-angiogenic microenvironment. Directly comparing these aspects of the behavior of valve cells to vascular-mimetic endothelial cells and pericyte precursors elucidated several typical and atypical vasculogenic/angiogenic behaviors of the valve cells. The main findings were that the VICs do act like pericytes in stabilizing early VEC vasculogenic network formation, but later drive network collapse in a manner involving chemoattraction of VECs. In time, the co-cultured VICs and VECs form a spheroid, from which the VICs lead invasive angiogenic sprouting. Lastly, it was shown that these processes were regulated by ROCK and the Ang-Tie2 pathway. It should be noted that there are caveats associated with the use of this Matrigel model. It is unclear the effect of stiffness-mediated VIC aSMA contractility on the differences between the early time point identified phenotypes between the VICs and the 10T1/2 cells. Although the cells used in this study were not of human origin, our preliminary work with humanderived VECs and VICs in the same Matrigel model (data now shown) indicates that human cells form the VEVIS structure similar to the porcine-derived valve cells. Additionally, the question of whether the VEVIS invasive sprouts are indicative of functional in vivo angiogenesis complete with lumen formation and blood carrying capacity remains unclear. Future studies should include an in vitro angiogenesis assay that incorporates flow to better demonstrate an EC lumen 21 and an in vivo model to test VIC ability to support vessel formation. 19 Nonetheless, this work expands our understanding of valve cell-cell organization and communication with implications for valve homeostasis, heart valve tissue engineering, and the pathology of CAVD.
This study was centered on the ability of VICs to act as pericytes. During vascular angiogenesis, pericyteendothelial signaling plays a very important role in the organization and stabilization of neovascularization. Pericytes guide vessel formation through paracrine and direct contact signaling mechanisms, several of which have been investigated in regards to valve cells. 8, 9, 24, 29, 37 Despite the evidence for a subpopulation of cells in calcified valves that have pericyte-like characteristics, 35 VIC-endothelial cell studies to date have yet to induce quantifiable pericyte-mimicking behavior.
In this study, VICs demonstrated characteristics of pericyte phenotypes throughout sustained co-culture with VECs in the Matrigel model. During the initial network formation, co-culture with VICs led to a quantifiably smaller VEC network size, which was reversed by inhibition of ROCK. ROCK inhibition prevented aSMA polymerization while maintaining VEC-VIC direct cell-cell contacts (Fig. 1e compared  to 1f ), similar to how pericytes have been previously described in vitro. 6 This effect of ROCK inhibition on network size of VIC-VEC co-cultures is consistent with previous reports that ROCK inhibition increases vasculogenic network size in VEC-only cultures.
1 Given that ROCK also regulates contraction of collagen gels by VICs, 10 this data suggests that early VIC-mediated VEC network organization is ROCK dependent. Furthermore, there is recent evidence that VICs can regulate the process of endothelial to mesenchyme transformation in VECs 14, 27 ; a process that is also ROCK-dependent. 26 The relationship between VEC transformation and invasion into the valve leaflets and the angiogenesis found in CAVD is a compelling area for future study.
By tracking and quantifying cell motion to determine chemotaxis metrics, this study demonstrated that a large percentage of VICs (46%) strongly demonstrated a chemoattractant phenotype, attracting VECs. This behavior was demonstrated during VEC/ VIC self-organization into spheroids by 24 h after seeding in Matrigel. In contrast, co-culturing of the vascular cells (MCECs and 10T1/2 cells) led to sustained networks over time. Although not all VICs showed this chemoattractive behavior (LaFMI >0.17), it is unclear if VICs with a LaFMI <0.17 were unable to attract local VECs due to another VIC nearby with a stronger chemoattraction. It is currently not fully understood whether dysfunction of VECs, VICs, or both leads to initiation of CAVD. 9 These results indicate that VICs cultured in Matrigel develop a pro-angiogenic and chemoattractant phenotype. These VICs are then capable of driving VECs from their physiologically quiescent phenotype toward a more pro-angiogenic and invasive phenotype. These results suggest that under the proper stimuli VICs have the ability to organize VECs into pathological structures and, thus, the capacity to disrupt valve homeostasis.
Tracking of differentially-stained valve cell types in co-culture revealed several pericyte-like behaviors of VICs towards VECs. After our first observations of the spontaneous formation of VEVIS structures, we hypothesized that VECs would be the first cell type to invade the gel from the spheroids, and implemented PKH tracking to monitor cell behavior during this culture period. Unexpectedly, PKH tracking revealed that VICs tended to be the first cell to leave the spheroid and invade the Matrigel, were found preferentially on the exterior of the VEVIS compared to the VECs, and facilitated greater invasion by VECs. These results reveal that the significant differences between the localization and arrangement pattern of VECs and VICs was not random, and these interactions were likely driven by a combination of cell-cell and cellmatrix signaling. These results were also distinct from the MCEC/10T1/2 co-cultures, which did not form spheroids. In the future, it will be important to elucidate further the key molecular regulators in valve cells that are responsible for their atypical translation of these angiogenetic signals compared to the vascular controls.
The invading VEVIS sprouts were similar in some ways to classic angiogenetic sprouts, but also demonstrated unique characteristics. The VICs on the leading edges of the sprouts were CD31-and aSMA+, but the VICs maintained cell-cell adhesions with following CD31+ VECs. As shown by Fig. 7 , VECs demonstrated a pronounced elevation in periostin expression during the culture period, but this elevation was only found in co-culture. This result suggests an association between the greater degree of cell invasion of Matrigel in the VEVIS condition and expression of this ECM protein, which has been strongly linked to neo-angiogenesis in aortic valve sclerosis. 11 Interestingly, the VEVIS sprouts demonstrated DLL4 and b-catenin polarity from the tip to stalk of sprouts, thus exhibiting evidence of cell-cell contact-mediated DLL4 as well as b-catenin-linked 23 regulation of angiogenic-like sprout initiation. Further studies are required to investigate if manipulation of NOTCH or DLL4 expression in valve cells affects VEC/VIC tip cell dynamics. In vascular angiogenesis, DLL4 to NOTCH signaling plays an important role in cell-cell contact-mediated initiation and tip-stalk cell organization in neovessel formation. 13 NOTCH is the expected ligand for the DLL4 receptor, and there is a reported role for NOTCH signaling in VEC-VEC signaling, VIC-induced calcification, and valvulogenesis. 5, 29 However, it is unclear if the same downstream pathways previously related to calcification and NOTCH are at play in this model. Further studies are needed to examine whether sustained angiogenic signaling leads towards valve calcification through angiogenetic-related cell-cell contact NOTCH inhibition.
Since there is growing evidence for significant involvement of nitrous oxide (NO) signaling in VEC-VIC interactions, 9, 31 this study examined the role of the Ang1-Tie2 pathway (an upstream regulator of NO via eNOS and AKT) in valve cell signaling and organization into networks and VEVISs. Stimulation with Ang1, the ligand for Tie2 receptor, had no significant effect on early network formation in VIC-VEC cocultures, but inhibition of direct and downstream signaling via inhibitors for Tie2 and AKT markedly reduced network formation. After 3 days in culture Ang1 stimulation significantly slowed network collapse and, correspondingly, inhibitors for Tie2 or AKT prevented this slowing. Long-term ROCK inhibition had a similar effect as Ang1 stimulation on VIC-VEC network stabilization (data not shown), which is not surprising given that ROCK inhibition is a downstream effect of Tie2 activation. 16 Ultimately, this network stabilizing effect of Ang1 could not prevent the VIC-mediated network collapse and eventual formation of VEVIS. Tie2 inhibition, however, completely ablated VEVIS formation, suggesting that basal levels of Ang1-Tie2 signaling are significant contributors to VEC/VIC signaling during VEVIS formation. Although treatment with the AKT inhibitor failed to prevent VEVIS formation, the resulting VEVIS were much smaller, suggesting a role for basal levels of AKT activation in VEC/VIC communication. Collectively, these results suggest that Angiopoietin signaling, via the Tie2 and AKT pathways, mediates VIC-VEC organization, as well as evolution towards invasive angiogenic behavior. This finding is significant due to the role of Ang-Tie2 signaling in initial vascular destabilization, 32 and therefore suggests a role for this pathway in initial VEC dysfunction during the early pathology of CAVD. Further studies are required to confirm the role and source of Tie2 signaling activity and its effects on VEC monolayer homeostasis during CAVD. It would be particularly useful to employ siRNAs to knock down key signaling components (i.e., NOTCH, Tie2, or Ang1) in VECs or VICs independent of one another to determine how each factor drives the different cell types towards their angiogeniclike organization.
In conclusion, angiogenesis has long been associated with valvulogenesis and the pathology of CAVD. This study sought to identify the phenotypic changes of valve cells cultured long term in a pro-angiogenic model to provide further insight to the role of angiogenic signaling in VEC/VIC dynamics. Tracking of the cells revealed that many VICs demonstrate chemoattractant behavior towards VECs and showed a novel invasive spheroid phenotype of these valve cells compared to their vascular counterparts. Lastly, this study identified a new set of angiogenic regulators, the Ang-Tie2 family, affecting valve cell communication and organization. This study contributes to the growing understanding of valve cell biology and how the atypical translation of angiogenetic signaling in valve cells could translate to the pathology of CAVD through enabling neovascular invasion of the ECM through coordinated valve cell behavior and subsequently through increased inflammatory infiltrates and blood flow to the normally avascular aortic valve.
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